Abstract-Wavelength-division multiplexed fiber-optic links could find applications in various radiation environments. Space industry, for example, could benefit from radiation-tolerant high-speed optical links for the next generation of observation satellites. For application in the nuclear energy industry, the use of passive optical devices also needs to be evaluated at high dose rates and total doses. Our previous results have shown that the in-fiber Bragg grating filters are key components in the radiation-resistant passive optical links, as they showed a remarkably high radiation-acceptance level in terms of total absorbed dose. The dose-rate dependencies also needed to be evaluated. We therefore gamma-irradiated fiber Bragg grating filter at several dose rates ranging from 1 to 25 kGy/h. We show, for the first time, that the dose rate does not affect the full-width at half-maximum of the Bragg peak and that the saturating Bragg peak shift remains.
T HE nuclear industry is considering the use of fiber-optic technology for data communication in nuclear power plants. The well-known advantages of the optical fiber and its intrinsic wavelength multiplexing capabilities in particular make this technology very attractive. Several wavelength-separated channels can indeed be used to transmit, in parallel, several analog or digital information streams, allowing the setup of easily redundant and distortion-free data transmission using wavelength-separated optical emitters and all-fiber multiplexers/demultiplexers.
All optic multiplexing technology is now being considered in various nuclear environments ranging from low dose rates and modest total dose level, such as space environments, to high dose rate and high total dose levels, such as applications in the future International Thermonuclear Experimental Reactor (ITER).
The ever increasing complexity of the earth observation satellites will require the development, in the future, of radiation-tolerant intrasatellite multigigabit optical links. Optical intrasatellite area networks will provide high throughput up to gigabit/second transmission rates, light weight, and electromagnetic-interference-free operation. To reduce the on-board electronic complexity, multiplexing in the optical domain is currently envisaged by the European Space Agency [1] , [2] . On the other hand, the ITER maintenance will require frequent replacement of heavy in-vessel components [3] . These operations have to be performed in a hazardous radiological environment, requiring the use of remote-handled radiation-tolerant equipment to ensure operator safety. The interconnection between this equipment and the control unit therefore becomes a crucial issue in the reliability of ITER instrumentation links [4] . 1 Wavelength-division multiplexing (WDM) technology could release the umbilical management problems by reducing its size and shielding weight [5] , [6] .
Multiplexing and demultiplexing optical signals on a single optical fiber can be done passively using fiber-optic wavelength-flattened couplers, wavelength-selective couplers and optical add/drop multiplexers based on fiber Bragg grating (FBG) filters. FBG filters have become a key component in WDM optical links: bandpass filters, WDM MUX/DEMUX, and dispersion compensators [7] .
A major problem in the application of electronic or photonic equipment in nuclear environments is the presence of ionizing 1 radiation fields. Any electronic or photonic component may suffer from exposure to nuclear radiation, which compromises the reliability of advanced instrumentation systems. The potentially high radiation tolerance of such devices therefore needs to be assessed [5] .
Ionizing radiation produces defects in the fiber that change the characteristics of the grating. A review of the gamma radiation effects on FBG filters is given hereafter. Under pure gamma radiation, we already showed the saturation of the radiation-induced peak shift of FBG written in photosensitive Ge-doped fiber, while the full-width half-maximum (FWHM) of the peak remained unaltered [8] . In this paper, we discuss, for the first time, dose-rate effects on FBG filters, gamma-irradiated at 35 C 1 C, at dose rates going from 1 up to 25 kGy/h.
II. FIBER BRAGG GRATING FILTERS
An FBG is a periodic modulation of the refractive index in the core of a single-mode fiber, formed by exposure of the core of a photosensitive fiber to an intense ultraviolet (UV) light interference pattern. The photosensitivity was discovered in 1978 by Hill [9] in germanium doped fibers. The photosensitivity can be defined as a permanent refractive index change due to the exposure of a fiber to ultraviolet radiation. Initially, photosensitivity was attributed to germanium doped fibers, but optical fibers with other dopants have also shown photosensitivity. The refractive index modification, obtained in a germanium doped fiber, is between 10 and 10 for an exposure time of a few minutes at fluences of 100-1000 mJ cm .
The physics of photosensitivity is still not completely understood. Nevertheless, it is clear today [7] , [10] that the photosensitivity originates from the excitation of color centers (paramagnetic GeE' center in the case of germanium doped fibers) by UV light and, at the same time, from structural modifications of the glass matrix, probably densification.
When the fiber Bragg grating is illuminated by a broadband optical source (see Fig. 1 ), it reflects a narrow band of wavelengths centered around the so-called Bragg wavelength (1) where is the grating period and is the effective refractive index of the propagating mode.
It is well known that ionizing radiation produces wavelength-dependent radiation-induced attenuation in optical fibers [11] [12] [13] [14] [15] . The fiber Bragg grating filters operate in a narrow spectral range ( 5 nm), making them insensitive to broadband radiation-induced losses.
Neustruev reported that the formation of stable defects centers induced by Co gamma irradiation is rather similar to the formation of stable color center created by UV irradiation of Ge-doped silica glass [15] . Further gamma irradiation of FBGs, written in Ge-doped single-mode fiber, would create additional color centers, resulting therefore in a change of effective refractive index . Hence, we could expect a radiation-induced drift of the Bragg wavelength toward red, arising from a Co gamma irradiation.
III. FIBER BRAGG GRATINGS UNDER PURE GAMMA RADIATION
Earlier experiments [16] [17] [18] have shown that the change of can be as high as 100 pm at a dose level of 0.5 MGy. The temperature sensitivity coefficient in high-Ge fibers was found to be affected by gamma radiation.
Our recent on-line characterization of FBGs under gamma radiation does not confirm those previous results. Gusarov [19] showed that FBGs written in the Ge-doped photosensitive fiber exhibit a saturating shift of about 20 pm toward the long wavelengths, after a total gamma dose of 80 kGy (at 3 kGy/h and a total gamma dose of 1.5 MGy). He also showed that the Bragg peak spectral width at FWHM remains stable under gamma radiation. Taylor [20] reported a similar saturating behavior under both gamma radiation (gamma total dose of 85 kGy at a gamma dose rate 7.1 kGy/h) and 63-MeV proton radiation (a deposited dose of 100 kGy with a proton fluence of 10 p cm s) for gratings written in a photosensitive fiber. Gusarov also found that gamma radiation does not affect the temperature sensitivity of the gratings up to 1.5 MGy. This has been confirmed by both Kakuta [21] up to a 10-MGy gamma total dose (with a dose rate of tens of kGy/h and a temperature of 400 C) and Fujita [22] up to a to 250-kGy gamma total dose (with a dose rate of 1.4 kGy/h and a temperature of 80 C).
The radiation sensitivity of FBGs strongly depends on the chemical composition of the fiber and the photosensitization technique used for writing the FBGs. The sensitivity to gamma radiation of FBGs written in hydrogen-loaded telecom fibers was found to be higher, but the Bragg peak shift saturation still occurs [19] . The lowest radiation sensitivity is achieved with standard highly Ge-doped photosensitive fiber, without any preor post-fabrication treatment. Recently, we showed that such Bragg gratings have also the highest radiation acceptance level when exposed to mixed gamma-neutron fields. [23] , [24] The comparison of the reported results is difficult due to differences in the irradiation conditions and in the measurement procedures. Vasiliev [17] only reported off-line measurements, neglecting therefore the post-irradiation recovery evidenced by Gusarov [19] and Taylor [20] . The long-term drifts of the interrogation schemes were not reported either [16] [17] [18] , while we used an external temperature-stabilized grating as reference during our on-line experiments.
IV. EXPERIMENTAL SETUP
Seven commercial off-the-shelf Bragg filters were written in the photosensitive optical fiber Spectran SMT-A 1310H, without any pre-or post-writing treatment, by Highwave Optical Technology (France). The gratings were physically spaced by 18 cm and spectrally spaced by about 4-5 nm. The gratings were interrogated in reflection using an amplified spontaneous emission (ASE) broadband source and an Anritsu MS9410C optical spectrum analyzer (OSA) (see Fig. 4 ). An external fiber was used to measure the ASE spectra and to compensate for the power fluctuations of the ASE source. In addition, we used an external temperature-stabilized FBG as a reference to compensate for the drifts of our measurement devices during the whole experiment. The long-term accuracy of the wavelength detection system was measured to be lower than 4 pm.
The on-line characterization of in-fiber Bragg gratings under ionizing radiation requires one to pay special attention to the single-mode optical fiber used to connect the FBGs with the wavelength detection scheme. Errors in the Bragg wavelength estimation could originate from the radiation-induced degradation of the signal-to-noise ratio, due to power losses in the fiber Fig. 3 . Schematic view of the irradiation setup in the underwater BRIGITTE gamma irradiation facility (SCK•CEN, Belgium) [25] . Fig. 4 . Optical setup. The FBGs were interrogated in reflection by an Anritsu MS9710C OSA using a broadband ASE source (ASE). Each channel was selected using an ETEK single-mode optical switch (OSW). A temperature-stabilized FBG from AOS Gmbh, denoted FBG , was used as wavelength reference.
pigtail. We addressed this issue by splicing the FBGs to commercial off-the-shelf single-mode SMF-28 Corning fiber pigtails. Our previous results have shown that the SMF-28 fiber has a sufficient radiation tolerance since typical lengths of only several meters are needed to leave the irradiator.
The FBGs, protected inside steel capillary tubes, were mounted on a 25-mm-thick tube. Seven thermocouples, mounted next to each FBG filter, allowed us to measure the temperature during the gamma irradiation. The Bragg filters were irradiated at dose rates ranging from 1 to 25 kGy/h in the Co gamma irradiation facility BRIGITTE (see Fig. 3 ). The temperature during the experiment remains at 35 1 C. We determined experimentally the temperature sensitivity of the FBGs before their gamma irradiation. In Section II, we have seen that the temperature sensitivity remains unaffected by gamma radiation. Hence, we compensated the temperature effects during the irradiation by subtracting the computed temperature-induced wavelength drift from the raw radiation-induced drift to obtain the so-called compensated Bragg peak shift. 
V. RESULTS AND DISCUSSION
As expected, all the Bragg wavelengths shift toward the red, as shown in Fig. 2 . The irradiation started at time h [ Fig. 5 (a) and (b) ]. The compensated Bragg peak shift is presented in Fig. 5(a) . While the Bragg peak shift has a clear dose rate dependence, no influence on the FWHM is observed, within the accuracy of our measurements. It is also important to note that the Bragg peak shift saturating behavior remains, although the dose rate varies from 1 to 25 kGy/h.
The underlying physics governing the modification of the FBG properties under pure gamma is still unclear and open for discussion. The stability of the FWHM during and after the gamma irradiation could indicate that the refractive index modulation remains unaffected during pure gamma irradiation. Gamma irradiation produces additional defects in the optical fiber, resulting in a wavelength shift. The recovery measurements [see Fig. 5(a) ] show that the annealing of these additional defects is dependent on dose rate at a constant temperature.
The drift of the Bragg filters is lower than 0.1 nm. This drift could therefore be actively compensated by regulating the Bragg filter temperature, which has a temperature sensitivity of about 11.8 pm C in the present experiment. This could open ways toward the development of radiation-hardened fiber-optic multiplexers for WDM optical links in ionizing environments.
VI. CONCLUSION
WDM technology brings promising alternatives to classical electronic instrumentation links in nuclear power plants. FBG filters are key components in WDM optical links. The radiation tolerance of FBGs needed to be evaluated at several gamma dose rates. We first showed that the FWHM is stable under pure gamma radiation. No dose-rate dependency has been observed. On the other hand, the Bragg peak position shifts toward red with a clear dose-rate dependence, but the saturating behavior remains.
